Abstract-
I. INTRODUCTION
It is widely accepted that the conventional oil production will used up within 20 years (the natural gas production will used up 10-20 years later), while world energy consumption continues to grow at 2% per annum [1] , among alternatives is fuel cell fed by hydrogen . Owing to the energy supply problem and environmental problems Proton-exchangemembrane (PEM) fuel cell vehicles have become a major topic of interest in academia and in the automotive industry. A fuel cell system (FCS) has a relatively low power rate as a power source. Moreover, it cannot recover the braking energy. As a result, an FCS alone is not the best solution for the performance of a vehicle; therefore an auxiliary power source is needed [2] . The energy storage system (ESS) can be implemented with either a supercapacitor bank or a rechargeable battery, this work considers the supercapacitorbased ESS.
The major advantage of this technology is that the powercapacity rating of the fuel-cell system is required to meet the average demand only, rather than the peak demand. This makes the fuel cell hybrid system FCHPS more energy efficient than using the fuel cell alone in powering the vehicle. Secondly, rapid load variations may induce oxygen starvation and thereby cause permanent damage to the proton-exchange membranes of the fuel cell. In contrast, the supercapacitor exhibits superior performance in providing A.Tahri and F.Z. Chaoui are with the ENSET, Mohamed V UniversitySouissi, Rabat, 10000, Morocco.
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Combining an FCS and a supercapacitor bank can provide power system with both high power and energy densities. Thirdly, the FCS generates electric power directly from hydrogen, but a reverse power flow is impossible; the supercapacitor bank therefore provides a reservoir for the regenerative use of electricity [3] . Cell technology demonstrates its high potential in terms of efficiency especially for application in passenger cars, even if many progresses are required for reducing costs and improving reliability in dynamic conditions.
In the other hand, induction motors are suitable for automotive application by their interesting power/mass ratio, relatively low cost and simple maintenance. One of the most popular control strategies of the induction motor is the field-oriented control. Many works have studied the control of isolated FC-SC DC sources [4] , [12] whereas numerous researchers have analyzed control strategies for the association inverterinduction motor [5] , [6] , [13] - [15] .
In the present work, we will develop a new control strategy that simultaneously accounts for all system components i.e. the fuel cell source, the supercapacitor, two DC-DC power converters an inverter and a traction motor. The proposed strategy involves a multi-loop nonlinear controller designed to meet the three main control objectives: (i) a tight speed regulation in spite of torque load variations. (ii) a good regulation of the DC link voltage; and (iii) a perfect tracking of SC current to its reference. While a Lyapunov based approach is used to control the DC/DC power converters associated with the DC sources, the backstepping technique combined with the field oriented control strategy are invoked in order to control the induction motor. It will be formally proven that the proposed multi-loop nonlinear controller actually stabilizes the controlled system and meets its tracking objectives.
The paper is organized as follows: in section II, the system studied is presented and modeled, it given a state space representation. In section III, a controller is designed for the whole system and the closed loop system error is analyzed. In section IV, the controller performances are illustrated through numerical simulations. A conclusion and reference list end the paper.
II. SYSTEM PRESENTATION AND MODELING
A. System presentation Figure 1 shows the studied power stage of hybrid electric vehicle (HEV). It includes a hybrid electric storage source which consists of 12.5 KW PEMFC used as the main source and a supercapacitor as auxiliary power source; a boost dc-dc power converter that interfaces the fuel cell with the DC bus; buck-boost converter to interface the supercapacitor in order to store braking energies or to generate peak power during acceleration; a dc-ac inverter that feds an 7.5 KW induction motor. All the power converters (dc-dc converters and inverter) operate according to pulse width modulation (PWM) principle.
B. Modeling of the DC source subsystem
From Fig.1 applying Kirchhoff laws one gets the following bilinear switching model of the subsystem consisting of a fuel cell source, a supercapacitor and two dcdc power converters [4] .
Where u 23 is the only control input variable of the buckboost converter defined as follow:
where k being a binary variable:
in boost mode and 0 = k in buck mode.
C. Modeling of the inverter-motor association
In a rotating frame d and q-axis, the induction motor model is described [7] :
u , q u and ω s respectively denote the stator currents, the rotor fluxes, the stator voltage inputs, the angular speed, the load torque, the controls of the inverter and the stator frequency. The subscripts s and r refer to the stator and rotor. The parameters:
where R r is the rotor resistances, L s and L r are the selfinductances of the stator and the rotor, respectively, M sr the mutual inductance between the stator and rotor windings, p the number of pole-pair, J the inertia of the system (motor and load) and f v the viscous damping coefficient. Applying a PIPO (Power in equal to Power Out) principle to the inverter one gets:
which gives, using (3f):
Combining (1), (2), (3) and (5), and using averaging technique [11] , the nonlinear averaged model of the whole system is obtained as follows (it is of ninth order) 
III. CONTROL DESIGN AND ANALYSIS

A. Control objectives
In order to define the control strategy, first one has to establish the control objectives, which can be formulated as follows: a) Tight regulation of dc-bus voltage; b) Perfect tracking of SC current to its reference signal; c) Perfect tracking of rotor speed to its reference profile. The SC current reference is elaborated by energy management system accordingly to dynamic requirement and FC constraints, as pointed in the introduction.
B. Controller design for DC-DC power converters.
The first control objective is to enforce the dc bus voltage v dc to track a given constant reference signal V V dcref 750 = .
However, it is well known that the boost converter has a non-minimum phase feature [10] . Such an issue is generally dealt with by resorting to an indirect design strategy. More specifically, the objective is to enforce the input inductor current i fc to track a reference signal, say I fcref . The latter is chosen so that if (in steady state) (8) where λ≥1 being an ideality factor introduced to take into account all losses: switching losses in the converters; the losses in the inductances ESR R 1 and R 2 ; the losses in the SC resistance R sc .
In order to deal with the two first control objectives, the following errors are introduced
To stabilize the dc-dc power converters with the state vector ( 1 e , 2 e , 3 e ), the following control laws are proposed [4] :
where d x 2 is the desired value of the dc bus voltage 2 x and its dynamic is proposed as follows 
The stability of the closed loop system with the state errors ( 1 e , 2 e , 3 e ) will be investigated in Subsection III-d.
C. Controller design for the inverter-motor:
The flux field oriented control strategy consists on controlling the rotor flux by sd i current and the electric torque by sq i current. This is possible if 0 = The controller design is performed in two steps using the backstepping technique [8] :
Step1:
First, we introduce the following tracking errors One gets, using (7e) and (7f), the following error dynamics The objective now is to enforce the error variables ) , , , ( which clearly shows that the equilibrium e=0 is globally asymptotically stable [9] . The main results of this paper are now summarized in the following proposition:
Proposition. Consider the closed-loop system consisting of the power stage of a hybrid electric vehicle represented by (7a-i), (12a) and the controller composed of the control laws (10a-b) and (19a-b). Then, one has:
i) The closed loop system is GAS.
ii) The error 1 e converges to zero implying tight dc bus voltage regulation.
iii) The error 3 e converges to zero implying perfect tracking of SC current i sc to its reference i scref , iv) The error 5 e converge to zero implying that the rotor speed perfectly tracks its reference d Ω Proof. i) From (22) and (23) iii) The vanishing of the error 3 e implies, using (16), that the SC current i sc perfectly tracks its reference i scref .
iv) The vanishing of the error 5 e implies, using (13b), that the rotor speed Ω perfectly tracks its reference
This ends the proof of Proposition The next Section is devoted to the validation of the controller performances.
IV. SIMULATION RESULTS:
The performances of the proposed nonlinear control design are illustrated through simulations. The controlled system is simulated with the parameter characteristics listed in Table I . The traction motor is an induction motor of 7.5kW with the characteristics summarized in Table II . The design parameters are fixed as in Table III . These parameters have been selected using a 'trial-and-error' search method and proved to be suitable. Ideality factor λ
1.0004
The DC-link voltage reference is set to the constant value V dcref = 750V. The reference value I scref is set to -15A. The simulations are carried out with following scenario:
-The rotor speed reference is linearly increasing between 0 and 1s (starting mode) (see Fig.3 ). -The rotor speed reference is set constant s rad d / 90 = Ω between 1s and 3s (see Fig.3 ). -At time 2s a load torque is step changing between 30Nm and 60Nm (presence of a slope in the road). (see Fig.3 ). -After time 3s the rotor speed reference is linearly decreasing (decelerating mode). (See Fig.3 ). Fig. 2 shows that the DC voltage v dc is perfectly regulated to its reference V dcref = 750V. Fig. 3 illustrates that the SC current i sc perfectly tracks its reference I scref =-15V. This figure also shows that the SC voltage v sc is increasing (charging mode). Fig. 4 illustrate that the rotor speed is regulated to its reference despite the load torque variations. Finally, Fig.5 and Fig.6 illustrate the control input signals of the dc-dc power converters and the inverter, respectively.
V. CONCLUSION
The problem of controlling the electric power stage of an electric vehicle combining a hybrid energy storage system and an induction motor has been dressed. The whole system dynamic have been described by the averaged ninth order nonlinear state-space model (7a-i). Based on such a model, the multi-loops nonlinear controller defined by (10a-b) and (19a-b) is designed and analyzed using the Lyapunov approach and the backstepping technique. It is formally proven, using theoretical analysis and simulations results, that the proposed controller achieves all the objectives for which it has been designed for: (i) a tight speed regulation in spite of load torque variations; (ii) a good regulation of the DC Link voltage; and (iii) a perfect tracking of SC current to its reference. This result is confirmed by simulation. 
